V ariability and unpredictability in chemical thinning has been a problem for apple growers for more than 50 years. The interactions of environment with thinning has been observed for many years, (Lehman et al. 1987; Williams and Fallahi, 1999) . A study of this variability in New York State showed extreme variation in thinning efficacy between years and within years (Robinson and Lakso, 2004; Lakso et al. 2006 ). There are two major sources of this variability: spray chemical uptake and tree sensitivity (Stover and Greene, 2005) . Variability in spray uptake includes the chemical thinner concentration, the environment at the time of application, application method and coverage, drying conditions, and leaf epicuticular wax. However, generally temperature and humidity largely compensate for one another in affecting drying time and uptake.
A second and more important source of variation is the sensitivity of the tree itself, which is related to how many fruits are present at the time of application, leaf area, carbohydrate supply to the developing fruits, carbohydrate demand by all of the trees organs, temperatures, sunlight, and tree vigor (Williams, 1979; Williams and Edgerton, 1981; Greene 2002) . Both temperature and sunlight affect carbohydrate supply (photosynthesis) and temperature affects carbohydrate demand (respiration and growth). Conditions that make the tree more responsive to chemical thinners are: high temperatures especially high night temperatures, (high fruitlet respiration) with low light levels during the day (low photosynthesis), and heavy initial set (high total demand for carbohydrates) (Byers, 2002; Kondo and Takahashi, 1987) . Conditions that make the tree difficult to thin are: cool temperatures (low respiration) with high sunlight (high photosynthesis), and a light initial crop (low total demand for carbohydrates). It appears that carbohydrate supply by the leaves to the young fruitlets has a controlling role in determining fruitlet retention or abscission . Considerable research has examined the role of carbohydrates in the fate of young developing apple fruit. Immediately after petal fall, demand for carbohydrates by developing fruit is only moderate during the initial lag phase of an expolinear growth pattern (Corelli Grappadelli et al, 1994) . However, when fruit reach 10-12 mm in diameter (about 1-2 weeks after petal fall), rapid fruit growth results in an ever-increasing carbohydrate demand which may not be met by current photosynthesis (Corelli Grappadelli et al., 1994) .
Greenhouse studies with potted trees have shown that cool temperatures with high sunlight after application of chemicals, result in less thinning while high temperatures (especially high night temperatures) with low light levels after chemical application, results in greater thinning efficacy of the same concentration of chemical (Byers, 2002; Kondo and Takahashi, 1987; Kviklys and Robinson, 2010; Parra et al., 2006; Yoon et al., 2010) . The combined effects of temperature and sunlight on thinning efficacy have indicated a controlling role of carbohydrate supply to the young fruitlets in determining fruitlet retention or abscission.
The combined effects of temperature and sunlight on thinning efficacy have been difficult to predict. Over the last 15 years a simplified computer model was developed by Alan Lakso that estimates apple tree photosynthesis and respiration of fruits, leaves, roots and woody structure (Lakso and Johnson, 1990; Lakso et al., 2001) . This model uses both temperature and sunlight to predict carbohydrate supply and demand. The carbohydrate balance (supply minus demand) in the tree has the potential to help predict natural fruitlet abscission (Lakso et al., , 2007 . If the carbohydrate supply is inadequate to support all the growth of the tree and the fruits, then competition occurs. We have found in related studies that during the thinning window, shoot growth will out-compete fruit for carbohydrates if there is not enough for both. The model predicts that during cool sunny days with a light initial crop the tree produces more carbohydrates than needed to support the growth of leaves, shoots, fruits, and roots resulting in a surplus of carbohydrate for the day. In contrast, during hot cloudy days with a heavy initial set, the production of carbohydrates will be reduced and the demand by the fruits, shoots and leaves will be high resulting in a deficit of carbohydrates for the day. The model also predicts that cloudy days may not necessarily be a problem if it is also cool, or that very warm days if also sunny will not result in a deficit of carbohydrates, as both supply and demand are affected similarly and thus stay in balance.
To evaluate the usefulness of the carbohydrate model in explaining the variability in thinning response, we compared the model estimates of carbohydrate balance and field results of thinning trials to look for periods of particularly good or poor supply:demand balance (Lakso et al., , 2007 . Model simulations from several years showed that there are often periods of particularly negative carbohydrate balance which were associated with severe thinning. There were also years in which there was essentially a balance in carbohydrate demand and supply which gave a traditional pattern of chemical thinning response from petal fall to 20mm fruit size unaffected by carbohydrate deficits. This traditional pattern shows that at petal fall there is the least thinning while the greatest thinning occurs at 10-15mm fruit size which is followed by reduced thinning at greater fruit sizes. Periods of significant carbohydrate deficit, as estimated by our model, appear to dramatically change the underlying pattern which gives rise to the year to year variability in thinning response.
In this paper, we report recent advances in this effort to use the carbohydrate model to predict chemical thinning response at a range of fruit sizes from 4mm to 20mm.
Materials And Methods
Field Trials. From 2000-2010, we conducted annual field chemical thinning spray timing trials each year on mature vertical axis 'Royal Gala'/M.9, 'McIntosh/M.9' and 'Ace Delicous'/M.26 apple trees. Each year, we applied a tank mix of either 7.5ppm of naphthaleneacetic acid (NAA Fruitone N) plus a 600ppm (1 pint/100gallons) of carbaryl (Sevin XLR) or 75ppm of 6-benzyladenine (BA) plus 600ppm of carbaryl at 3 or 4 day intervals beginning at petal fall until 21 days after petal fall. Normally about 7 timings were achieved during the thinning period. Each experiment was set up with a randomized complete block design with 5 single tree replications. Blocking was done by location in the field. Each plot consisted of 3 trees with the center tree used for data and the other trees serving only as guard trees. Treatments were applied with an airblast 3.5 m tall X 4 m wide tunnel sprayer (Lipco, Germany) which limited drift to adjacent rows. These trials have been described earlier (Lakso, , 2007 Lakso, 2004, 2011) .
At bloom, we counted the number of flower clusters on three representative branches per tree and then at harvest we counted the number of fruit on each branch. Fruit set was calculated as the average ratio of fruits harvested/flower clusters on each of the three branches. Thinning efficacy was calculated as the percentages of fruit set relative to the unthinned control.
Carbohydrate Model. Each year we calculated estimated carbohydrate supply to support fruitlet growth using sunlight and temperature data from budbreak and the carbohydrate model of Lakso (Lakso et al., 2001 . We then compared the model estimates of carbohydrate surplus or deficits during the thinning period (4mm fruit size to 20mm fruit size) to look for periods of particularly good or poor supply:demand balance. The patterns of supply to demand were then compared to our observed thinning responses from the field spray timing studies each year.
Greenhouse Studies. To quantify the relationship of carbon balance and thinning response, we conducted greenhouse studies in 2006-2008 with potted trees where we modified temperature and light exposure after chemical application. These studies were previously described (Parra et al., 2006 , Yoon et al., 2010 , Kviklys and Robinson, 2010 . The data from Kviklys and Robinson, (2010) was used to correlate 4-day average carbohydrate balance and fruit set to construct a predictive curve of thinning response at various carbohydrate levels at the 10-12mm stage of fruit development. We have termed the 4-day average carbohydrate balance the thinning index.
Using the field data of annual variability in thinning efficacy and the greenhouse data of effects of temperature and sunlight on thinning efficacy, a family of predictive thinning efficacy curves was constructed to predict the interaction of fruit size (from 4-20mm) and carbohydrate balance on thinning efficacy. In 2010, we used the predictive curves to estimate thinning at various locations in New York State to assist New York State apple growers to predict thinning sensitivity by using real time daily weather data from grower owned weather stations and 5-day weather forecasts from a commercial weather forecasting company (Accuweather).
Results
From 2002-2008 we documented showed significant variability in thinning efficacy within each year over the 4 week period after bloom (Fig. 1 ) and between years 2007; Robinson and Lakso, 2004; . In 2005 thinning efficacy relative to that at petal fall, increased rapidly after petal fall showing maximum thinning efficacy at 12 days after petal fall. Later applications of thinners showed decreasing thinning efficacy until 23 days after petal fall which had a response similar to that observed at petal fall. In 2003, a similar pattern was observed but the intensity of thinning efficacy relative to the intensity at petal fall was muted. In 2002, a similar pattern was observed but the timing was delayed such that the greatest thinning efficacy was not until 19 days after petal fall. In 2004 the greatest thinning response was at petal fall and was reduced at all later timings. In 2006, the variability in thinning efficacy showed a similar pattern as in 2005 with a maximum response at 10 days after petal fall (Fig.  2) . In 2007, the pattern was similar to 2003 with a muted response even at the optimum timing which was 9 days after petal fall (Fig.  3) . In 2008, the pattern during the first 14 days after petal fall was similar to 2005 and 2006 but intense thinning efficacy continued from 8 days after petal fall to 20 days after petal fall (Fig. 4) . With the exception of 2004, applications of chemical thinners at 8-15 days after petal fall had much greater effect than applications at petal fall or later than 20 days after petal fall. Carbohydrate model simulations each year showed that in some years there were periods of particularly positive or negative supply:demand balance but in other years there was a balance between supply and demand with no periods of large surplus or deficit throughout the thinning window 2007; Lakso, 2010, 2011) . Periods of prolonged carbohydrate deficits (>4 days) were associated with intense thinning while shorter periods of deficits (1-2 days) were not associated with intense thinning. In 3 of the 10 years, there were no large carbohydrate deficits or surpluses during the thinning window which allowed a determination of the underlying pattern of tree sensitivity to chemical thinners at different fruit developmental stages. The curves with 'Delicious' from 2007 are typical (Fig.  5) and show that the underlying sensitivity of fruitlets to either BA+Carbaryl or NAA+Carbaryl is low at petal fall when fruitlets are small (4-6mm) but increases as fruits grow and reaches a maximum sensitivity when fruitlets are 12-15mm. Fruitlet sensitivity then declines as fruitlets reach 20mm and is almost zero once fruit size reaches 25mm. However, in years with a significant period of carbohydrate deficits there was greater chemical thinning than predicted from the underlying sensitivity curve. In years where the carbohydrate deficit occurred when fruit size was small (near petal fall), significant thinning occurred but if the deficit occurred when fruitlet sensitivity was high (10-15mm) then excessive thinning occurred.
Carbohydrate model simulations from 2006 to 2010 showed that when there are periods of particularly positive or negative supply:demand balance for 3 to 4 days chemical thinning was more severe (Figs. 2-4) . In 2006 (Fig. 2) , supply and demand were balanced or positive until 18 days after full bloom when a 10 day period of mild to severe carbohydrate deficits began. This period was associated with the most intense thinning efficacy. In 2007 (Fig. 3) , there were no prolonged periods of carbohydrate deficits which was related to the muted thinning response even at the optimum timing of 9 days after petal fall. There were two 4-day periods of carbohydrate deficits beginning 16 days after petal fall and 24 days after petal fall but neither of these was associated with intense thinning. In 2008, there was only one prolonged period of carbohydrate deficits beginning 22 days after petal fall. This was four days after the last thinning date but could have been associated with the relatively intense thinning from that application.
Measurements of natural fruit drop in 2008 showed a large effect of climate on natural fruitlet drop. Up until June 5, 2008, natural fruit drop of unthinned Gala fruitlets was very low (<10%) but over the next 10 days many small fruitlets dropped resulting in 75% drop by June 17 (Fig. 6) . Calculations of carbohydrate balance in that year showed a large multi-day carbohydrate deficit caused by high temperatures and cloudy weather which accompanied this natural drop.
The quantitative effect of carbohydrate deficits and surpluses on fruit thinning was estimated from our greenhouse studies in 2008 with Empire/M.9 trees (Kviklys and Robinson, 2010) . Fig.  7 shows the relationship of carbohydrate deficit and predicted effect of carbohydrate surpluses from that trial A practical use of these curves and the output of the carbohydrate balanced model was observed in [2008] [2009] [2010] . In 2008 at 3 locations in New York state, there was a period of 2.5 weeks after bud break when the carbon balance was negative (Fig 8) . This was followed by a 2.5 week period where the balance was close to zero. At Marlboro, New York (southern part of state), this was followed by a 3 week period of significant carbohydrate surplus, while at Lyndonville (western part of state), there was a short (1 week) period of carbohydrate surplus and at Peru, New York (northern part of state), there was no period of carbohydrate surplus. In all 3 locations, this period of carbohydrate surplus was followed by a prolonged period of carbohydrate deficit with the greatest deficits at Peru and the least deficits at Marlboro.
In 2010, we used predictions of the carbohydrate balance model to advise New York apple growers in various regions, of the level of thinning to be expected at various times throughout the thinning window. In Western New York State at petal fall (May 9) and for the next 14 days, there was no large carbohydrate deficit and thus we indicated that little thinning would be achieved from petal fall sprays or later sprays (Fig. 9) . However, about 2 weeks after petal fall (May 25) a significant multi-day carbohydrate deficit was predicted and then occurred. Thus we advised in advance that significant thinning and probably over-thinning could be expected. We recommended to reduce chemical thinner concentrations and/or wait until the deficit period had passed. Preliminary field results show that normal concentrations of chemical thinners during this period resulted in over-thinning while reduced concentrations resulted in ideal thinning.
Discussion
Our field study results over the last 10 years when compared with results of the carbohydrate balance model indicate that the predicted carbohydrate balance within the tree interacts with stage of fruit development resulting in different thinning efficacies due to both carbohydrate supply level and fruit devel opment stage . In years where there is no significant carbohydrate deficit there appears to be an underlying fruitlet sensitivity curve for the range of fruit sizes of 4mm-20mm (petal fall to 21 days after petal fall) (Fig.10) . From this curve of thinning sensitivity with no carbohydrate deficits, we have theorized a family of curves for a range of deficits at various timings after petal fall (Fig. 11 ). This family of curves defines the interaction of stage of fruit development and carbohydrate balance on thinning efficacy of chemical thinners. This family of response curves can be used to predict thinning response at various fruit sizes and under different carbohydrate balance conditions. We have used these curves, the carbohydrate model and weather forecasts to predict thinning response for several regions of New York State with good but not perfect success. We have previously reported good correlations of thinning efficacy and carbohydrate balance for 4 years in New York State Robinson and Lakso, 2008) . In this paper, we have shown data for an additional 3 years. In some years like 2006, the results are very clear with prolonged periods of carbohydrate deficits associated with intense thinning. However, in other years without prolonged periods of carbohydrate deficits such as 2007 and 2008, the results are less clear. In these years, the more traditional pattern of thinning responsiveness is evident with less thinning at small fruit sizes (near petal fall), the greatest thinning efficacy when fruits are 10-12mm in diameter and declining sensitivity to thinners as the fruits reach 18-20mm diameter .
The comparison of 3 diverse locations in New York State in 2008 showed the value of the model to help predict thinning in different regions. At the most southern location (Marlboro, New York) during the period from petal fall to 3 weeks after petal fall, there was a large carbohydrate surplus while at the most northern location (Peru, New York) there was a large carbohydrate deficit during the thinning window. At Lyndonville, New York the carbon balance was intermediate. Observations by growers at each location indicated that thinning efficacy was poor in Marlboro, intense in Peru, and intermediate at Lyndonville, New York. This roughly correlated with the carbon balance situation at each location.
Growers in New York state who have used this model have reported improved thinning consistency and reduced remedial hand thinning. These field experiences indicate that this method of predicting relative thinner responses prior to the application of thinners may allow growers to adjust thinner treatment and timing to more consistently achieve an optimal amount of thinning.
Conclusions
Although many factors affect apple thinning response, it appears that periods of carbohydrate surplus or deficit as estimated by our carbohydrate model affect the tree's response to post-bloom chemical thinners. Studies over the last 10 years in New York state have shown that periods of carbohydrate deficits are associated with periods of high chemical thinner efficacy while periods of carbohydrate surplus are associated with poor chemical thinner efficacy. It appears that the greatest risk of over-thinning occurs at the 10-20mm fruit diameter stage since this is when fruitlets are growing rapidly with a high demand for carbon and any sustained shortage of carbon appears to result in abscission of the weakest fruit. For unknown reasons, when fruit are larger than 20mm they are less susceptible to chemical thinners. It may be that with increasing size, the fruits become a priority sink over shoots. At petal fall, the risk of over-thinning is low since fruits are growing slowly and shortages of carbon appear to result in moderate thinning.
We have constructed a family of predictive curves which allow prediction of thinning results from petal fall to 21 days after petalfall. This information should help growers predict and understand chemical thinning response in two ways: 1) The results from the model will provide growers with an estimate of the thinning achieved with thinning sprays within 4-7 days and will allow an informed decision of whether additional sprays are needed; and 2) With accurate weather forecasts, the model may also provide predictions of thinning efficacy of sprays before they are applied. Over the next two years, we are planning to construct a web-based version of the carbohydrate model that growers and consultants could use to predict thinning response in real time.
